Context: Microbiota perturbations seem to exert modulatory effects on emotional behavior, stress-, and pain-modulation systems in adult animals; however, limited information is available in humans.
Results: R2* increased in both obese and nonobese subjects, independent of weight variations. Changes in waist circumference, but not in body mass index, were associated with brain iron deposition (R2*) in the striatum, amygdala, and hippocampus in parallel to visual-spatial constructional ability and circulating beta amyloid Ab42 levels. These changes were linked to shifts in gut microbiome in which the relative abundance of bacteria belonging to Caldiserica and Thermodesulfobacteria phyla were reciprocally associated with raised R2* in different brain nuclei. Of note, the increase in bacteria belonging to Tenericutes phylum was parallel to decreased R2* gain in the striatum, serum Ab42 levels, and spared visual-spatial constructional ability. Interestingly, metagenome functions associated with circulating and brain iron stores are involved in bacterial generation of siderophores.
Conclusions: Changes in the gut metagenome are associated longitudinally with cognitive function and brain iron deposition. (J Clin Endocrinol Metab 102: 2962-2973, 2017) R ecent advances in research have described the potential role of gut microbiome on broad aspects of human health, including emotional behavior and cognition through the gut-brain axis (1, 2) . Perturbations in the gut microbiome have been implicated in the development of obesity and related complications (3) . Obesity and weight variations have been associated with altered representation of bacterial genes, reduced bacterial diversity, and changes in the relative abundance (RA) of the two dominant phyla, the Bacteroidetes and the Firmicutes (4). In particular, an elevated ratio of Firmicutes to Bacteroidetes (increases in members of the phylum Firmicutes or decreases in the phylum Bacteroidetes) has been found in subjects with obesity, whereas a decrease in this ratio has been found in relation to weight loss (5, 6) . Increased gut microbiome diversity also correlates with lower weight gain in humans, independent of calorie intake and other confounders (7) .
Crosstalk among the gastrointestinal tract, gut microbiome, and central nervous system has been implicated in the regulation of gut function in both healthy and diseased states (1, 2) . Alterations in gut microbiome could affect human brain health by producing systemic and/or central nervous system inflammation, stimulate dysfunctional responses of the adaptive immune system, exert neurotoxicity, and/or stimulate afferent neurons of the enteric nervous system (1) . Through these underlying mechanisms, preclinical evidence indicates the potential relationship between the gut microbiome and hypothalamic-pituitary axis involving alterations in emotional behavior, anxiety, depression, stress response, and working memory (2, 8) .
However, in contrast to the strong preclinical evidence, there is only suggestive evidence that a similar relationship might exist in humans (8) . A preliminary study found an association among bacterial diversity (Shannon diversity index); the RA of bacteria belonging to Actinobacteria phylum; microstructural changes at the hypothalamus, caudate nuclei, hippocampus, thalamus, and amygdala; and worse cognitive test scores related to speed and attention (9) . On the other hand, the intake of probiotics containing Bifidobacterium, Streptococcus, Lactobacillus, and Lactococcus induced changes in the brain response to an emotional faces attention task and beneficial effects on anxiety-and depression-related behaviors (10) .
Magnetic resonance (MR) has been widely used for noninvasive assessment of structural, metabolic, and functional brain changes in apparently healthy subjects. MR relaxation rates of R2*, based on the contribution of paramagnetic ferritin-loaded cells to the T2* relaxation signal, is a well-established method for brain iron assessment (11) . In animal models and in humans, increased brain iron load at the basal ganglia, amygdala, and hippocampus has been associated with worse cognitive performance, executive functions, and verbal working memory scores (12) (13) (14) . Of note, basal ganglia are involved in emotional, associative, motivational, and cognitive functions, whereas the thalamus and striatum are mainly implicated in sensory and motor mechanisms, including response selection and initiation (15) . More recently, increased brain iron load by means of relaxation rates of R2* was found to be linked to worse cognitive test scores related to motor speed, attention, and memory in subjects with obesity (9) .
We hypothesized that changes in brain structure and cognitive function are associated with shifts in gut microbiome in middle-aged subjects. Accordingly, we aimed to examine gut microbiome, brain microstructure by means of R2* values, and validated neurocognitive test in middle-aged lean and obese subjects over a 2-year period in which the obese subjects were encouraged to lose weight.
Materials and Methods

Study design
From January to September 2012, we undertook a crosssectional, case-control study-based MR iron assessment in 25 middle-aged subjects with obesity [body mass index (BMI) .30 kg/m 2 ; age range, 30 to 65 years] in whom type 2 diabetes and transferrin saturation .45% were specifically excluded. Nineteen healthy subjects without obesity (BMI ,30 kg/m 2 ) were matched for sex and age and served as the control group. All subjects reported stable weight during the preceding 3 months. In that cross-sectional study, exclusion criteria for both groups were any manifestation of cardiovascular disease, systemic disease, infection in the previous month, serious chronic illness, .20 g ethanol intake per day, use of medications that might interfere with insulin action, and inability to understand study procedures. After the procedure, subjects with obesity were instructed to maintain a reduction in daily caloric intake of 500 to 800 kcal during the study period. A hypocaloric diet containing 25 or 20 kcal/kg was recommended. The composition of the diet was 15% proteins, 30% fat (,10% saturated fat), 55% carbohydrates, and 20 to 25 g dietary fiber.
As a limitation, diet information was not collected in these subjects.
Longitudinal study was performed from October 2014 to January 2015 in those subjects who agreed to undertake followup MR examinations and provide specific written informed consent. Thus, in this study, 35 volunteers (17 subjects with obesity and 18 control subjects) were included.
The institutional review board, the Ethics Committee and the Committee for Clinical Research at the University Hospital of Girona Dr. Josep Trueta (Girona, Spain), approved the study protocol, which certifies that all applicable rules for the ethical use institutional information and samples from human volunteers were followed during this research. All procedures were in accordance with the ethical standards of the responsible committee on human experimentation (institutional and national) and with the Helsinki Declaration of 1975, as revised in 2008. All participants provided their written informed consent before the start of this study.
Anthropometry and laboratory measurements
Patients underwent anthropometric measurements, and, after 8 hours' fasting, provided blood for measurement of plasma lipids, glucose, and insulin. Glucose and lipid levels were determined by standard laboratory methods. Serum insulin was measured by radioimmunoassay. Plasma b-amyloid concentration was included as a variable considering the previous reported relationship among MR brain relaxometry signal, iron, and b-amyloid in a context of increased risk for Alzheimer's disease or b-amyloid plaque (16) . Plasma b-amyloid concentration was measured using INNOTEST b-amyloid enzyme-linked immunoassay absorbance kit (Ref81587, Fujirebio Europe N.V., Belgium) according to the manufacturer's protocol, with intra-and interassay coefficients of variation ,10%. The percent change in anthropometric and analytical parameters between baseline and follow-up were calculated as (follow-up -baseline)/baseline 3 100.
MR imaging acquisition and image preprocessing
All subjects were studied on a 1.5T Gyroscan Intera system (Philips Health Care, Best, The Netherlands) with an eightchannel head coil. As a part of a larger study protocol, a multislice fluid attenuation inversion recovery (T2 fluid attenuated inversion recovery) with repetition time (TR) /echo time (TE)/inversion time = 6500/120/2200 ms, 90°flip angle, 0.78 3 0.78 in-plane resolution, slice thickness 5 mm without gap, and 20 axial slices was used to exclude preexisting brain lesions. Brain iron was assessed using a multiecho gradient echo sequence with TR/first ET/D = 800/2.2/5 ms, 80°flip angle, 2 3 2 in-plane resolution, slice thickness 5 mm without gap, and 20 axial slices. After acquisition, T2* and R2* maps were computed in Olea Sphere 3.0 (Olea Medical, La Ciotat, France) using Bayesian analysis algorithm, where R2* maps were calculated as R2* = 1/T2* and T2* maps were calculated by fitting the signal decay curve of the respective magnitude multiecho data. In addition, a brain extraction tool was used to delete all nonbrain tissues of calculated T2* and R2* maps. R2* were measured in seconds 21 . There are well-established methods to convert liver MR signal intensities into values of iron expressed in micromoles per gram (17, 18) . However, to our knowledge, there are not any established method to convert T2* signal intensity decay into micromoles per gram of iron in brain. Thus, we choose not convert the brain R2* values into micromoles per gram of iron. Previous studies showed positive associations between hepatic iron concentrations (HICs) and brain iron load by means of MR signal in middle-aged subjects with obesity (14) . Thus, HIC was assessed using signal intensity ratio from a single slice T2* and proton density acquisitions (TR = 140 ms; TE = 14 ms and TR = 140 ms; TE = 4 ms, respectively). The averages of the measurements of liver and muscle signal intensities were used to estimate the hepatic iron.
Image analysis
All calculated maps were analyzed using SPM8 (Welcome Department of Imaging Neuroscience, Institute of Neurology, London, UK) running MATLAB 7.7 (The MathWorks, Natick, MA) on a Windows 7 computer. The image postprocessing involves two steps. First, to improve the image normalization process in the study population, an R2* template was generated. To create the template, T2* and R2* maps from 18 healthy control subjects at baseline were coregistered by nonrigid methods. After, T2* images were spatially normalized to a standard EPI template using a 1 3 1 3 1 spatial resolution; deformation parameters were applied to corresponding R2* images. The average of normalized R2* maps were used to create the template. In a second step, baseline and follow-up R2* maps from all subjects were normalized to the R2* template and the resulting images were spatially smoothed using spatially stationary Gaussian filter with a kernel width of 6 mm.
The brain regions of interest were selected based on previous meta-analyses and cross-sectional and longitudinal evidence showing increased iron load at the amygdala, hippocampus, caudate, putamen, pallidum, and thalamus in apparently healthy subjects in association with executive function and verbal working memory scores (12, 14, 19 ). Jülich's Histological Atlas and Harvard-Oxford Subcortical Atlas were used to obtain R2* values at these regions. If necessary, the regions of interest were manually adjusted for each subject using MRIcro (www.mricro.com) to ensure that no cerebrospinal fluid or white matter was included. The percent of change between R2* images at baseline and follow-up [(R2*follow-up -R2*baseline)/R2*baseline 3 100] were calculated for all subjects with longitudinal MR examination (n = 35). Voxelwise nonparametric permutation inference with 5000 randomized iterations (FSL, Oxford Centre for Functional MRI of the Brain, Oxford, UK) were used to evaluate the association of age and obesity variations with R2* rates changes in the 35 subjects with MR examination. The same statistical approach was used to assess the relationship between gut microbiome and R2* rates changes in the 27 subjects who agreed to perform the gut metagenomic analysis. Statistically significant increases or decreases in R2* change were detected at an individual voxel threshold of P , 0.001.
Gut metagenome analyses
Eight of the 35 patients included in this longitudinal study did not provide feces samples at follow-up; thus, 27 subjects (14 subjects with obesity and 13 control subjects) were included in the gut microbiome analyses. Total DNA was extracted from frozen human stools using the QIAamp DNA mini stool kit (Qiagen, Courtaboeuf, France). Quality was assessed with the prinseq-lite program (20) , applying the following parameters: min_length: 50; trim_qual_right: 20; trim_qual_type: mean; and trim_qual_window: 20. R1 and R2 from Illumina sequencing were joined using fastq-join from the ea-tools suite. Three files per sample were obtained, one of joined pairs of reads and two of not joined reads. The fastq files were converted into fasta files using the "fastq_to_fasta" tool from the FastXToolkit program. Those files were filtered from human contamination using the bowtie2 program (21) against the human genome, downloaded from the National Center for Biotechnology Information (NCBI) FTP site (ftp://ftp.ncbi.nlm.nih. gov/genomes/H_sapiens/). The unaligned files (i.e., those that did not map against the human genome) were the input files of a BLASTn search against a customized bacterial database (Bacteria_2015_06_09) consisting of the Human Microbiome and the bacterial genomes downloaded from the NCBI FTP site (ftp://ftp.ncbi.nlm.nih.gov/genomes/humanmicrobiom/Bacteria/ and ftp://ftp.ncbi.nlm.nih.gov/genomes/archive/old_refseq/ Bacteria/) updated to July 2014 and June 2015, respectively. The best hits of the BLASTn output files were extracted, converted into contingency tables, and transformed into the BIOM format to be used as input files of the Quantitative Insights Into Microbial Ecology open-source software pipeline, version 1.9.0, which implemented the RA calculations of the bacterial hits at different taxonomical levels. This pipeline was also used to estimate the alpha diversity or diversity within samples through the calculation of the Shannon diversity index of the samples, using the following parameters for rarefactions: 20 steps of 40 iterations each, comprising between 100 and 213,096 reads (the number of reads of the smallest sample) with increments of 10,654 reads per step. Diversity was calculated for the first and second visits of the subjects. Beta diversity or diversity among samples was also estimated to generate principal coordinates analysis of the samples from Bray-Curtis dissimilarity and Canberra distance matrices. Detailed information related to the metagenomic approach is included in the Supplemental Methods.
Neuropsychological assessment
The neuropsychological examination was carried out by experienced neuropsychologists. The neuropsychological examination was based on tasks that required mainly an involvement of the frontal lobe. The prefrontal cortex participates in the organization of goal-directed behaviors, and is one of the first regions to structurally decline during the aging process. This selection was based on the hypothesis that cognitive performance of frontal-related tasks in middle-aged adults would be more sensitive to negative effects. The length of a cognitive examination can produce a progressive decrease in the cognitive abilities to execute the tasks (resulting from fatigue). To standardize the neuropsychological examination and to avoid sources of measurement error, we decided to administer all the neuropsychological battery in the same order. The neuropsychological assessment administration time was about 35 to 45 minutes depending on the patient. Immediate and delayed visual memories were assessed with the Rey-Osterrieth Complex Figure Test (ROCFT) and executive functioning was evaluated with the Trail Making Test (TMT) and the phonemic and semantic verbal fluency (VF) tasks. The ROCFT assesses several cognitive functions such as visual-spatial constructional ability, visual memory (immediate and delayed), motor function, and components of executive function (planning and working memory). The material consists of a sheet with the stimuli figure. The participants were asked to copy the figure as accurately as possible. Three minutes following the completion of the copy, to assess immediate recall, subjects were asked to draw the figure from memory, as accurately as possible and with no time limit. Finally, 20 minutes following completion of the immediate recall, subjects were asked to draw the figure from memory again to assess delayed recall. According to the scoring system of the ROCFT, the 18 elements of the figure are scored based on distortion and placement. The quantitative evaluation is scored out of a maximum of 36 points. The TMT is a measure of attention, speed, and mental flexibility. The TMT consists of two parts (TMT-A and TMT-B). The TMT-A consists of a standardized page on which the numbers 1 to 25 are scattered within circles; the participants were asked to connect the numbers in order as quickly as possible. Similarly, the TMT-B consists of a standardized page that included the numbers 1 to 13 and the letters A to L. The participants were instructed to draw lines connecting numbers and letters in order, alternating numbers and letters. Before starting the test, a practice trial of six items was administered to the participants to make sure that they understood both tasks. When a participant made an error during the test performance, the examiner pointed it out and explained it, then guided the participant to the last circle completed correctly, and requested the participant to continue with the task. A maximum time of 300 seconds was allowed before discontinuing the test. Direct scores of TMT were the time in seconds taken to complete each task (A and B) . The VF is a measure of executive functioning. The participants were asked to say words beginning with the letter "P", and to say words pertaining to the "animals" category. They had to do the test as quickly as possible; the number of words produced during 1 minute was scored for both phonemic and semantic VF.
Statistical analysis
Results are expressed as medians and quartiles for continuous variables and as frequencies for categorical variables. We used nonparametric statistical analyses considering nonnormal distribution of the variables because of the relative small sample size the study. The Mann-Whitney U test was used to determine differences between the study groups (subjects with and without obesity); the Wilcoxon test was used to determine longitudinal intrasubject differences. The correlation between the percentages of change for the quantitative variables was assessed using Spearman rho analysis. Those variables associated with the percent of R2* change (P , 0.05) were included in the voxelwise nonparametric permutation inference. Clustering analyses was included to graphically determine the relationship between changes in microbiome, R2* values, and phenotype variations. We used multivariate linear regression analyses to assess the associations between variations changes in microbiome and R2* values adjusting for age, sex, and/or waist circumference. For clustering analyses and graphic representation, variables were analyzed by using the hclust, plot, and clustsig R package. Other statistical analyses were performed with R package and SPSS, version 19 (SPSS, Inc., Chicago, IL).
Results
Results of the longitudinal differences in gut microbiome, MR relaxometry, and cognitive function among subjects with and without obesity are shown in Table 1 . Over a 2-year period, BMI was decreased in subjects with obesity, whereas control subjects increased in waist circumference. MR relaxometry R2*, a parameter that indicates iron content, but also b-Amyloid deposition (16), increased mainly at the pallidum, putamen, thalamus, and hippocampus in both groups. The degree of increase in relaxometry in the striatum was not significantly different between lean and obese subjects. Figure 1 shows the regions where the increase in R2* was more marked in the voxelwise analysis after 5000 iterations (P , 0.001). Of note, the 2-year related raise was observed in all subjects, including those that gained or lost weight during this period, indicating that this process was independent of BMI. However, despite BMI not being linked to changes in R2*, the percent change in waist circumference was positively associated with R2* increase in the striatum and other brain nuclei (amygdala, hippocampus). A trend was observed with worsening of visualspatial constructional ability (Fig. 2) . Interestingly, the increase in circulating b-amyloid Ab42 levels was positively associated with the change in visual-spatial constructional ability and immediate memory and negatively with the increase in R2* (Fig. 2) , with the former in line with other longitudinal studies (22) . This could seem counterintuitive but a decrease in Ab42 levels are thought to reflect compartmentalization of Ab peptides in the brain and have been related to the development of Alzheimer's disease (22) . Copy memory scores were inversely associated with R2* at the left caudate (r = 20.409; P = 0.034), left and right pallidum (r = 20.383; P = 0.048 and r = 20.524; P = 0.005, respectively), and right putamen (r = 20.575; P = 0.002). Immediate and deferred memory scores were inversely associated with R2* at the right thalamus (r = 20.403; P = 0.037 and r = 20.395; P = 0.041). Worse TMT-A scores were associated with increased R2* at the right and left pallidum (r = 0.440; P = 0.024 and r = 0.529; P = 0.005).
Fasting glucose, glycated hemoglobin, and low highdensity lipoprotein cholesterol levels improved at followup after dietary recommendations in subjects with obesity. HIC was reduced significantly within subjects with obesity but remained higher than in the control group. The percent change in BMI was positively correlated with the RA of bacteria belonging to Caldiserica phylum (r = 0.602; P = 0.029) in the control group and negatively correlated with Armatimonadetes (r = 20.78; P = 0.004) and Synergistetes (r = 20.60; P , 0.023) in subjects with obesity at baseline.
HIC was higher in those subjects with obesity at baseline (P , 0.001) and follow-up (P = 0.007) and associated with increased R2* at left amygdala (r = 0.346; P = 0.043), caudate (r = 0.501; P = 0.002), pallidum (r = 0.380; P = 0.024), and putamen (r = 0.447; P = 0.007) at baseline. HIC was inversely associated with Bacteroidetes at follow-up (r = 20.559; P = 0.002). The percent of HIC change was positively correlated with the percent of change in BMI (r = 0.355; P = 0.036), Actinobacteria (r = 0.407; P = 0.039), and Cloacimonetes (r = 0.599; P = 0.004), but no association with brain R2* changes was found. The RA of Prevotellaceae correlated positively with BMI (r = 0.34; P = 0.031), whereas the RA of Bacteroidaceae (r = 20.34; P = 0.03), Rikenellaceae (r = 20.46; P = 0.002), and Lachnospiraceae (r = 20.35; P = 0.02) was negatively correlated.
We also observed changes when subjects were classified according to weight loss versus weight gain, independent of being obese or not (Supplemental Table 1 ). Of note, gut microbiome composition interacted with these relationships. Clustering analyses showed that changes in specific gut microbiota bundled together with neuroimaging R2* values (Fig. 3) . For instance, the percent of change in RA of Gemmatimonadetes, Bacteroidetes, and Proteobacteria run in parallel with 2-year differences in R2* at the caudate nuclei. We then explored the change in RA of the different phyla. On univariate analyses, the percent of change in bacteria belonging to Caldiserica phylum was positively associated, whereas the percent of change in Candidatus Saccharibacteria, Tenericutes, and Thermodesulfobacteria RA was negatively associated with the percent change of R2* increase (Fig. 2) . In multivariate regression analyses, the surge in Chlorobi RA was positively associated with the increase in R2* in left superficial amygdala and right hippocampus [ Fig. 4(a) ]. In this last territory, the phyla Fibrobacteres, Synergistetes, and Tenericutes RA were reciprocally associated with right hippocampus R2*. In the right caudate nucleus, the increase in R2* was more accentuated in young subjects (below the median age of the sample) and tended to be different in men and women (P = 0.06). After adjusting for age and sex, the increase in Chlorobi, Bacteroidetes, Proteobacteria, and Gemmatimonadetes RA was positively associated with the increase in R2* in the right caudate nucleus in parallel to a lower Remarkably, Fig. 5 shows the brain areas linked to the percent change in Tenericutes RA over the 2-year period.
Those subjects with an increase in Tenericutes had significantly less R2* increase in those areas highlighted in Fig. 5 , notably the striatum (P , 0.0001), in parallel to spared visual-spatial constructional ability (Fig. 2) . In Table 1 . Continued
Subjects Included in the Gut Metagenome Analysis
Control Group (n = 14)
Subjects With Obesity (n = 13) Qualitative variables are expressed as frequencies and quantitative variables are expressed as median (Q1-Q3). Nonparametric Wilcoxon test was used to assess intrasubject differences at baseline and follow-up. The Mann-Whitney U test was used to state the differences between subjects with obesity and control group at baseline and follow-up. R2* rates are expressed in Hz and microbiome abundance values are given in %.
Abbreviations: HDL, high-density lipoprotein; LDL, low-density lipoprotein. addition, the percent increase in Tenericutes RA was associated with better scores in TMT-B after excluding those subjects who gained weight. This score is indicative of better working memory and inhibition of automatic responses, both being aspects of cognition controlled by the striatum (15) . The highest increase in Tenericutes RA was also associated positively with circulating Ab42 at follow-up (Supplemental Table 1 ), suggesting protection from cognitive worsening with increased RA. The increase in Thermodesulfobacteria RA was also independently and positively associated with Ab42 at follow-up (P = 0.008).
Regarding the metagenome, we focused on those functions significantly associated with systemic iron stores (measured as serum ferritin concentration) at both baseline and follow-up. The values of the selected functions were similar in men and women, so all subjects were evaluated as a whole. Interestingly, the functions associated with serum ferritin were also associated with brain iron levels in the striatum at baseline and at follow-up (Supplemental Fig. 1 ). Of note, the change in iron content in specific areas of the striatum was associated with the change in functional genomes, specifically in obese subjects (Supplemental Fig. 1 ). Of these functions, pyridoxal phosphate, phosphoenolpyruvate, and acetyl-coenzyme A carboxylase have been described to be affected by iron (23) (24) (25) (26) .
Discussion
There is increasing evidence of the contribution of enteric microbiota to the gut-brain axis in animal models. In humans, there is little evidence of its existence, and the study of this signaling pathway is in its infancy (9, 10) . Although brain structure (changes in iron content) in normal subjects is known to change within a 2-year period (12) , this study explores the effects of weight loss. Given that obese subjects exhibited increased brain iron content linked to cognitive dysfunction (14), we anticipated an improvement of iron deposition with dietinduced weight loss. This was not the case after a 2-year period. The increase in R2* was observed in the same proportion in subjects that gained or lost BMI, suggesting that total body mass was not the most important factor influencing the percent increase in R2*. However, this finding also suggests that there is a time effect that seems to be independent of obesity. In the search of factors that could influence R2* increase, we found that shifts in gut microbiota were linked to longitudinal changes in brain structure and function.
Shifts in Gemmatimonadetes, Bacteroidetes and Proteobacteria, Caldiserica, Candidatus Saccharibacteria, Tenericutes, Thermodesulfobacteria, and Chlorobi RA were associated with increased percent change of R2* at the striatum, superficial amygdala and hippocampus [ Fig. 4(a) ]. In this last territory, the phyla Fibrobacteres, Synergistetes, and Tenericutes RA were reciprocally associated with right hippocampus R2*.
The increase in Tenericutes RA was also associated positively with circulating Ab42 at follow-up and less R2* increase. This is potentially important because the increase in circulating b-amyloid Ab42 levels was positively associated with the change in visual-spatial Figure 3 . Clustering analyses reveal that 2-year changes in microbiota aggregate with changes in R2* values at specific nuclei and phenotype variations. After scaling these variables and calculating Euclidean distances using the R package dist, these variables were clusterized using a complete type algorithm. By using the clustsig R package, nine clusters appeared (P , 0.0001 over nonclustering). The cladogram shows the obtained hierarchical clustering with related variables appearing closer. This clustering aggregated several age-related changes in phenotype, microbiota, and biochemistry together. As an example, 2-year changes in verbal and semantic fluency was more associated with variations in Ab42 than with changes in other variables; 2-year alterations in waist clustered with variations in Fusobacteria; and changes in the abundance of several bacterial phyla were linked to shifts in neuroimaging R2* values, suggesting a biological association between these variations. Outer circle indicates type of variable clustered.
constructional ability and immediate memory and negatively with the increase in R2*. A decrease in Ab42 levels are thought to reflect compartmentalization of Ab peptides in the brain and have been related to the development of Alzheimer's disease (22) . In line with these associations, there is previous evidence that Tenericutes are able to efficiently and rapidly degrade b-amyloid (27) . This could happen within the gut, where b-amyloid has been detected, resulting in relatively higher circulating Ab42 levels (28) . In fact, neuroprotective effects of Mycoplasma hyorhinis against amyloid-b-peptide toxicity have been demonstrated in human neuroblastoma cells (29) .
The reasons for the apparent protective associations of Tenericutes and Thermodesulfobacteria are unclear, but one interesting speculation is that it could be mediated through metabolization of arsenic, an agent that has been implicated in the pathophysiology of Alzheimer's disease in epidemiological studies (30, 31) . Both Thermodesulfobacteria (32) and Tenericutes (33) are able to actively metabolize arsenic, decreasing its impact on the aging brain.
The ability to capture iron is a challenge for most bacteria. Interestingly, several of the functions associated with body iron stores are involved in the generation of siderophores in bacteria (phospho-2-dehydro-3-deoxyheptonate aldolases (34) and phosphoenolpyruvate (35) ). Also of note, the function gluconate was not only associated with serum ferritin at baseline and at follow-up, but also with iron content in the left caudate nucleus at baseline, with R2* at the left putamen nucleus at follow-up, whereas the percent change in this function was also positively https://academic.oup.com/jcemassociated with percent R2* increase at this last nucleus. Extracellular gluconate has been described to promote dissolution of Fe minerals (36) . There is a large increase in gluconate secretion from bacteria with changing iron in the environment (36) . Some specific phyla were associated with systemic and tissue markers of iron in parallel to decreased immediate and visual-spatial constructional ability. These findings are in line with brain iron deposition linked to cognitive status in middle-aged subjects (14) .
In concordance with other studies we found the RA of Prevotellaceae positively correlated with BMI, whereas the RA of Bacteroidaceae, Rikenellaceae, and Lachnospiraceae was negatively associated (37) .
In summary, changes in brain iron and cognitive function run in parallel to specific bacterial phyla of the gut microbiota. Considering that gut microbiota has been linked to other human pathologies that are centrally controlled, such as schizophrenia (38) , autism and mood disorders (39) , as well as obesity (40) , it will be interesting to further explore the molecular and cellular mechanism by which gut bacteria might influence these relationships.
